on the Cell website. (F) As (E), but for isogenic arp8 and wild-type strains. Genes misregulated in the arp8 mutant are generally a subset of those misregulated in ino80 cells. Specific genes are mentioned in the text and in Supplemental Table S4 and are summarized in Supplemental Table S2 on the Cell website.
to the alkylating agent MMS, which induces both singlemutants thus more closely resembles that of strains deficient in HR, such as rad52, than a strain lacking and double-strand breaks during DNA replication, and to hydroxyurea (HU), which depletes dNTP pools and YKU70, which is deficient for NHEJ ( Figure 1A ; Table 1 ). Hypersensitivity to DNA-damaging agents may indicate activates the intra-S checkpoint ( Figure 1A) . Deletion of any of these core INO80 subunits renders cells hyperthat repair is compromised, yet could also stem from impaired checkpoint activation and/or altered gene exsensitive to growth in the presence of either MMS or HU. The pattern of sensitivity of arp5, arp8, and ino80 pression in response to genetic insult.
To assess the efficiency of checkpoint activation in ino80, arp5, and arp8 mutants, we monitored the phosphorylation status of the central checkpoint kinase Rad53. Rad53 phosphorylation depends on the activity of the ATR-like kinase Mec1 (Melo and Toczyski, 2002), and a large Mec1-dependent mobility shift reflecting Rad53 phosphorylation occurs upon exposure to MMS in wild-type cells ( Figure 1B) . In ino80, arp5, and arp8 mutants, the Rad53 phosphorylation level is the same, if not higher, than that found in wild-type cells under identical conditions. This activation and the subsequent induction of RNR3 by MMS (see below), indicate that the checkpoint response is intact in the absence of INO80, making it unlikely that checkpoint defects account for the mutants' sensitivity to MMS.
To examine whether INO80 affects repair indirectly by regulating gene transcription, we first compared the global expression pattern of wild-type and ino80 and wild-type and arp8 mutant strains in the absence of MMS. In ino80 cells, we find 1156 genes (i.e., 647 more than reported in Mizuguchi et al., 2004) either induced or repressed by at least 1.5-fold (Supplemental Table  S1 at http://www.cell.com/cgi/content/full/119/6/777/ DC1/). With respect to global expression patterns, far fewer genes are induced or repressed significantly in arp8 cells (395 genes have Ͼ1.5-fold variation; Supplemental Table S1 on the Cell website). Importantly, no genes that are directly implicated in DNA repair or in (induced or repressed) by at least 1.5-fold ( Figures 1C  and 1D) , and among these genes the vast majority respond indistinguishably in wild-type, ino80 and arp8 genome database (SGD; www.yeastgenome.org; see strains. Globally, 96% of those modulated in the ino80
Supplemental Table S4 on the Cell website). Repair and mutant and 99% in the arp8 mutant are the same as in checkpoint-regulated genes such as RAD51, YKU70, and wild-type cells, while 88% and 98% of the genes that RNR3 were indeed induced by 1hr exposure to MMS, respond in wild-type cells respond similarly in ino80 as were 8 of the 12 subunits of the INO80 complex. and arp8 cells, respectively (Figures 1C and 1D and  Their induction showed no requirement for INO80, being  Supplemental Table S3 on the Cell website). Although identical in wild-type and the two mutant strains (see a significant number of genes (334) have the same modSupplemental Table S4 on the Cell website and data ulation in arp8 and wild-type cells, but not in the strain not shown). In general, among these 702 genes only six lacking Ino80, the vast majority of these genes have no were induced in wild-type, but not ino80 cells, while nine connection with either the DNA repair machinery or the fail to be repressed in the ino80 mutant (Supplemental damage response (Jelinsky and Samson, 1999) . can be detected as early as 1 hr after HO induction, reaching a maximum at 4 hr after the switch to galactose NHEJ, they will be able to grow in the presence of induced HO endonuclease, while cells deficient for NHEJ (Ino80, ‫-4ف‬fold at HO1 and ‫-5.3ف‬fold at HO2; Arp5, ‫-5.4ف‬fold at HO1 and ‫-4ف‬fold at HO2; Arp8, ‫-8ف‬fold at die. We demonstrate a significant drop in survival for the yku70 deletion strain in Figure 2B , as well as for HO1 and ‫-6ف‬fold at HO2; Figures 3B-3D ). Ino80 and Arp5 are recovered with nearly equal efficiency at both arp5, but not arp8, cells.
Because it was reported that maximal expression HO1 and HO2, while Arp8 shows a slightly higher recovery. This variation among the subunits is slight, however, from galactose-inducible promoters requires a functional INO80 complex (Ebbert et al., 1999), we developed and can be attributed to operational parameters, such as the efficiency of crosslinking and the stability of the an alternative inducible HO endonuclease system, where expression is controlled by a heterologous tetraepitope tag during the ChIP procedure. The reproducible and specific increase in the presence of three compocycline-regulated promoter. Continuous HO expression from this promoter again leads to lethality in the NHEJnents of INO80 argues strongly that a functional remodeling complex is recruited to sites near the DSB. deficient yku70 strain, but not in NHEJ-proficient wild- 
H2A-S129 Phosphorylation Is Required
been normalized to cleavage efficiency in these experifor Ino80 Recruitment ments. Thus, the percentages reported reflect a true The HO-cut system has been used extensively to demreduction in bound Ino80 and not the combined effects onstrate that HR (RAD52 epistasis group), NHEJ (KUof impaired cut efficiency and inefficient recruitment. In dependent pathway), and checkpoint proteins (e.g., contrast, we saw no drop in Ino80 recruitment to the Mec1) are recruited to the DSB at MAT ( To test this hypothesis we determined the amount of is phosphorylated as early as 30 min after induction of ssDNA formed at the HO DSB in wild-type, arp8, and HO (4.5-fold enrichment at HO1 and 1.5-fold enrichment hta1/2 S129* strains. We chose the arp8 strain because the at HO2; Figure 3E and These authors showed that the stable end is necessary and our analysis of ssDNA at the DSB in wild-type, arp8, and hta1/2 S129* strains argue that the recruitment of the for efficient and error-free NHEJ, and that NHEJ precedes HR in normal haploid cells. In other words, the intact yeast INO80 complex to sites of damage promotes remodeling events, which in turn facilitate access for 5Ј to 3Ј resection necessary for strand invasion during HR seemed to occur only once NHEJ had failed. The proteins involved in resection of the break site. The 
